Abstract-A dual-gate amorphous InGaZnO 4 (a-IGZO) thinfilm transistor (TFT) has two gate electrodes. The primary gate electrode is at the bottom, and the other is on the top. The drain current of the TFT can be controlled by both the bottom and top gates. This phenomenon provides great flexibility for the circuit design. In this letter, we propose the differential amplifier circuit using the top gate of the dual-gate a-IGZO TFT as an input for positive feedback to boost the gain. It is experimentally verified that the gain of the differential amplifier circuit is increased three times larger than those without the feedback loop.
I. INTRODUCTION
A MORPHOUS InGaZnO 4 (a-IGZO) thin-film transistors (TFTs) have attracted much attention for their excellent characteristics, such as high mobility and uniform amorphous structure [1] , [2] . They are suitable to use in a large highresolution display. Compared with the single-gate a-IGZO TFTs, the dual-gate a-IGZO TFTs have the advantages of higher ON-current, better subthreshold swing, and higher electrical reliability [3] . Therefore, in addition to the usage in a display array, a-IGZO TFTs are also tried to search other applications.
A conventional TFT is a three-terminal device with the drain, gate, and source electrodes. Although the MOSFET has the fourth terminal of the body (or substrate), which can affect the drain current I D of the transistor, it is either connected to the source terminal or commonly biased with other devices to avoid the body effect [4] . Hence, most circuits are designed to be built with three-terminal devices.
A dual-gate a-IGZO TFT also has the fourth terminal (top gate), which can be individually controlled. Taking advantage of the fact that the threshold voltage V th of the dual-gate a-IGZO TFT can be shifted by the top gate of the TFT [5] , [6] , we are able to design the circuit with more flexibility. In fact, some new circuits utilizing the dual-gate TFTs were proposed [3] , [7] - [13] . In this letter, the benefit of using the second gate is demonstrated with a gain enhancement of the differential amplifier circuit based on the concept of using a positive feedback to the top gate of the dual-gate a-IGZO TFT. The improvement of the performance is experimentally verified.
II. DEVICE FABRICATION AND CHARACTERISTICS
The process flow of the a-IGZO TFTs is described as follows: First, the shaped Ti/Al/Ti gate electrodes were capped with the SiN x gate dielectric, which was deposited by plasmaenhanced chemical vapor deposition. Then, going to the metal electrode process steps, another Ti/Al/Ti layer was formed by successive deposition with dc sputtering at room temperature. By patterning and dry etching these layers, we finish the source and drain gates. After that, the active layer of a 30-nm-thick a-IGZO film was deposited by dc magnetron sputtering using a target of In:Ga:Zn = 1:1:1. After the active layer was defined by etching, the device was capped with the passivation at 280
• C. Finally, ITO was patterned and shaped for the top-gate electrode. Fig. 1 shows the curves of I D versus bottom-gate voltage V BG at the different top-gate voltages V TG with the schematic cross section and circuit symbol of the device in the inset. These transfer curves exhibit parallel shifts at different V TG values. Those phenomena are attributed to the attraction and expelling of free carriers in the active layer by the top gate, which is well explained in [6] . It provides a way of using the bottom gate of the dual-gate a-IGZO TFT as the primary gate while controlling the top gate independently. This gives us a way of using it to invent new circuits.
To make a differential amplifier, at least two TFTs are required. Fig. 2 shows the curves of I D versus V BG for two dual-gate a-IGZO TFTs, i.e., T A and T B , with their device parameters in the inset table. In general, a differential amplifier uses two identical TFTs as components. In this letter, two dualgate a-IGZO TFTs with different electrical properties are used to demonstrate the effectiveness of the top-gate feedback. These devices are in the two configurations, namely, the top gate floating and the top gate shorted to the bottom gate. The TFTs are 100 μm in width, 10 μm in channel length, and 10 μm in top-gate length. It can be shown that the characteristic of the TFT with the top gate floating is worse than that with the top and bottom gates shorted [3] . These two TFTs are separately made on two substrates. The threshold voltage V th difference between them is about 1 V.
III. EXPERIMENTAL RESULT AND DISCUSSION
A simple differential amplifier circuit is built by two TFTs (T A and T B ), two resistors (R A and R B ), and a constant current source I S , as shown in Fig. 3 . gets higher, its drain voltage is lowered and fed to the top gate of T A , which negatively shifts the V th of T A . In such way, the drain voltage of T A is elevated to positively shift the V th of T B , which further increases the I D of T A under a bias of V BG,A . Thus, a positive feedback in the circuit is established. Fig. 5 shows the experimental results of V out versus V BG,B for the three configurations. The steepness of the transfer curve near V BG,B = 0 V reflects the differential gain of the amplifier. The slopes of ΔV out /ΔV BG,B for the circuits in the three configurations are calculated and listed in the inset table in Fig. 5 . Comparing the circuits in the first two configurations, the circuit that is made of a device with better performance has the higher gain. It is straightforward since the gain is proportional to the transconductance of the TFT, which can be increased by higher device mobility [4] . As for the last configuration, the gain is boosted to more than three times. It is attributed to the positive feedback. A voltage change ΔV TG,A at the top gate of T A can be induced by the equation, i.e.,
where ΔV BG,B is the voltage increase at V BG,B , and G m,B is the transconductance of T B with respect to the bottom gate. ΔV TG,A then lowers the current of T A and results in the increase in V out by the equation, i.e.,
where G mTop,A is the transconductance of T A with respect to the top gate. V out can further increase the drain current of T B , push down the top gate voltage of T A , and thus set up the positive feedback loop. The frequency and phase response of the circuits are measured at the biasing points with respect to their highest gains. The gain of the proposed circuit keeps better than the other two, as shown in Fig. 6 . The corner frequencies of the circuits are not high because they are limited by the large stray capacitance and resistance of the wire bonding package.
In this letter, the circuit is experimentally verified since there is yet no proper SPICE model in the commercial simulation tools for the dual-gate TFTs. Because a mutual interaction between the electric field generated by V TG and V BG is possible [3] , the top and bottom gates of a dual-gate TFT can mutually affect the transconductance. This makes the device model for the circuit simulation more difficult to develop. To design more useful circuits of the dual-gate TFTs, we urge for the ability of simulation. Therewith, circuits of the dual-gate TFTs with the versatile usage of the top gates can be dynamically invented.
IV. CONCLUSION
The concept of positive feedback via the top gate of the dualgate a-IGZO TFT has been successfully demonstrated in the simple circuit of the differential amplifier. The gain increases 3.5 times compared with that of the conventional single-gate a-IGZO TFTs. This concept can be possibly applied in other TFT circuits, which provides effective ways of designing the circuit with better performance.
